Dispersal may be a critical factor in the ability of reef-building corals to recover after major disturbances. We studied patterns of geographical structure using four microsatellite markers in seven South Pacific populations of Pocillopora meandrina, a major coral species from Polynesia. Variation within populations showed evidence of heterozygote deficiency. Genetic differentiation between populations was detected at a large scale (2000 km) between the Tonga and the Society Islands. Within the Society Islands, four of the five studied populations from Bora Bora, Moorea and Tahiti were not significantly different from each other. Unexpectedly, one of the three populations surveyed in Moorea was genetically different from the other two populations of this island (that were 5 and 10 km apart), and from the populations of the other two surveyed islands in this archipelago. We cannot rule out the possibility that this pattern is an equilibrium state, whereby short-range dispersal is locally more differentiating than long-range dispersal, as has been suggested by similar patterns reported in other studies. An alternative explanation that is globally consistent with all observations is that this is the signature of a large-scale destruction event, as for instance a bleaching event, followed by the recent restoration of populations by new colonists.
Introduction
Disturbance, including large-scale bleaching events, has dramatically increased recently in coral reef ecosystems (Richmond 1993; Nyström et al. 2000) . The resilience of these destructed biota largely depends on the ability of corals to recover and to colonize disturbed areas. In this study, we use genetic markers to investigate gene flow in Pocillopora meandrina, a major reef-building coral of the Society Islands (French Polynesia, south-central Pacific).
The pelagic larvae of marine invertebrates sometimes disperse over very long ranges. Dispersal distances of thousands of kilometres have been reported in scleractinian corals (Jokiel 1984) . High dispersal may result in mild and uniform genetic differentiation between islands spread over a large scale (Palumbi 1992 ). However, a planktonic phase does not always result in uniform dispersal among subpopulations (Parsons 1996) . Gene flow depends on a number of parameters, including the biological ability to disperse, the habitat, the oceanic conditions and the past geographical isolation between populations. These factors may create genetic divergence that cannot be directly comprehended by standard models (Palumbi 1994) .
Corals show a variety of reproductive systems that may directly influence their potential for dispersal. They are either hermaphrodite or gonochoric, and brooders or broadcasters (review in Carlon 1999) . Broadcasters are thought to be great dispersers (Willis et al. 1997) , whereas brooders are considered to be poor dispersers with the potential for self-fertilization (Carlon 1999) . These two modes can coexist in the same species and may vary across the species range (Ward 1992; Shlesinger et al. 1998) . The breeding system of a coral can thus play an important role in the structuring of populations (Nishikawa et al. 2003) . Asexual reproduction also exists in some corals in a variety of forms, including fragmentation (Highsmith 1982) , budding or polyp expulsion (Kramarsky-Winter et al. 1997) and asexually produced planulae (Stoddart 1983; Ayre & Resing 1986) .
This study focuses on P. meandrina, a dominant reefbuilding coral from the French Polynesia. Pocillopora is a widespread genus in the Indo-Pacific, especially in the central and far eastern Pacific. Sympatric species are sometimes difficult to identify (Veron 2000) and there is circumstantial evidence suggesting hybridization with the related species Pocillopora verrucosa. P. meandrina is a shallow water-branching coral found both in outer slopes and in lagoons. It is a broadcaster in the French Polynesia (Adjeroud, unpublished) , but little is known about its spawning behaviour (seasonal timing, possibility of mass spawning). This is the first genetic study carried out on this species, whereas a number of studies have looked at P. verrucosa and Pocillopora damicornis, two related reef-buildings corals in the Pacific (Stoddart 1984a (Stoddart , 1984b Benzie et al. 1995; Ayre et al. 1997; Adjeroud & Tsuchiya 1999; Ayre & Hughes 2000; Ridgway et al. 2001; Miller D. J. & Ayre 2004) .
Until recently, most population genetics studies on Scleractinia were carried out using allozymes. Microsatellites were thought to be rare in corals, as for instance in Acropora (Marquez et al. 2003) . The difficulty in isolating coral DNA markers is increased by the presence of intracellular symbiotic zooxanthellae. However, microsatellites have recently been successfully isolated from scleractinian corals (Maier et al. 2001; Le Goff & Rogers 2002; Magalon et al. 2004; Miller & Howard 2004; Severance & Karl 2004) and used in population genetics studies (Lopez et al. 1999; Le Goff-Vitry et al. 2004; MacKenzie et al. 2004a) . Using these markers, the main focus of this study is to investigate the geographical differentiation of this species in the Society Islands, across a range of about 200 km. However, we also sampled populations at two different scales: (i) we sampled populations from Tonga (2000 km away), to determine if large scale genetic differentiation occurs within the species range if no small scale structure exists, and (ii) at a local scale, we studied genetic relationships among neighbouring corals, to control for a possible bias as a result of reef fragmentation.
Materials and methods

Sample collections
Samples were collected from four islands as shown on Branch tips were collected along a linear transect at 13 m depth on all sites, except To1 (2-6 m depth). Colonies were sampled every 5 m along the transect. In order to detect possible cases of asexual propagation, tips from the closest neighbour of each colony were collected for Mo1, Mo2 and Mo3. All individuals were identified as Pocillopora meandrina using morphoanatomical criteria. Samples were preserved in 70% ethanol until use. Total DNA was extracted using the DNEasy Tissue Kit (QIAGEN), following the manufacturer's instructions, from 300 mg of coral powder obtained by grinding branch tips.
Microsatellite typing
We used four coral-specific microsatellites (PV2, PV5, PV6, PV7) formerly developed for Pocillopora verrucosa and found to be polymorphic in P. meandrina (Magalon et al. 2004) . Amplification and genotyping were performed as formerly described (Magalon et al. 2004) .
Data analyses
The average number of alleles per locus within populations (n a ), observed and expected heterozygosity (H O and H E ) and the inbreeding coefficient (F IS ), were calculated for each locus and for each sample. Tests of departure from Hardy-Weinberg equilibrium (HWE) were performed using exact probability tests based on a Markov chain approach (Guo & Thompson 1992) . Pairwise linkage disequilibrium between loci in each population was used to assess independence between loci. These analyses were carried out using genepop version 1.2 (Raymond & Rousset 1995) and geneclass 2 version 2.0 (Piry et al. 2003) . Sequential Bonferroni corrections were used whenever applicable (Rice 1989) .
The significance of genetic differentiation between populations was examined using an exact test with genepop version 1.2. The joint probability over all loci was obtained using Fisher's combined probability tests (Sokal & Rolf 1995) . The pairwise F ST statistic between populations was calculated after Weir & Cockerham (1984) using arlequin version 2.00 (Schneider et al. 2000) . A hierarchical estimation of F statistics with a two-level amova was performed using arlequin version 2.00. Nei's unbiased genetic distance (D) (Nei 1978) was calculated between pairs of populations (for each locus separately, and over all loci) using spagedi version 1.1 (Hardy & Vekemans 2002) . Genetic distances were graphically represented using the neighbourjoining option of mega version 2.1 (Kumar et al. 2001) .
The significance of Pearson's correlation coefficient between genetic distance, using Slatkin (1993) linear correction F ST /(1 − F ST ), and geographical distance (estimated as the logarithm of distance, Rousset 1997) was assessed using a Mantel test based on the distribution of 1000 randomized matrices using genepop version 1.2.
Asexual propagation was checked by comparing the total number of multilocus genotypes (N i ) and the number of unique multilocus genotypes (N g ) per population. In each population from Moorea, we compared the relatedness between neighbouring individuals to the relatedness for all other possible pairs of individuals. We used the Queller & Goodnight (1989) estimator as calculated by spagedi version 1.1.
Results
Genetic variation
Results are shown in Table 1 . Among 42 linkage disequilibrium tests, only three were significant at the 5% level and none were significant after Bonferroni correction. All loci can therefore be considered genetically independent. The number of alleles per locus varied from four (PV7) to 18 (PV5) over all populations. Genetic diversity (H E ) was comparatively high in the two samples from Tonga (0.804 and 0.822) and a sample from Moorea (Mo1: 0.828), and low in the other four Society Island samples (0.675 -0.722).
Inbreeding and relatedness
There was no evidence that any two individuals from our sampling had originated through asexual reproduction, as the number of unique multilocus genotypes N g was equal to the number of multilocus genotypes N i . That is, all genotypes/individuals were different ( Table 1 ). The coefficient of relatedness (r) was calculated separately for paired and for unpaired individuals in each of the three populations from Moorea (Mo1, Mo2 and Mo3). The two distributions showed equal variances and means; the geographical distance between any two individuals was never correlated with their genetic relatedness coefficient (r 2 < 10 −3 ). These results show that sexual reproduction is not restricted to short distances. Despite these observations, an excess of homozygotes was observed in all populations. The proportion of heterozygotes across loci ranged from 0.56 in Bo to 0.77 in To1. Of 28 Hardy-Weinberg tests, 12 instances of heterozygote deficiencies, involving all seven populations, were significant at 5% level after Bonferroni correction.
Population differentiation
Exact tests of genetic differentiation were computed for all pairs of populations. The Tonga populations were significantly differentiated from the Society populations. Within the Society archipelago, population Mo1 from Moorea was significantly different from all other populations (including the other two Moorea populations, Tahiti and Bora Bora). The significant pairwise F ST between populations (Table 2) ranged from 0.02 (Mo1 vs. Ta) to 0.16 (Bo vs. To1). The same analyses, excluding one locus each time, gave the same results as the overall test. Results from an amova (Table 3 ) confirmed this by showing that only a moderate amount of variation (10.49%) was involved in differentiation between archipelagos. The percentage of variation among populations within archipelagos was very low (0.94%). A neighbour-joining tree using Nei's unbiased distances (Fig. 2) 10 ± ± ± ± 3.56 0.644 ± ± ± ± 0.2 0.804 ± ± ± ± 0.077 0.202* *Significant at P < 0.05 for Hardy-Weinberg departure, using a sequential Bonferroni correction; †N g , the number of unique four-locus genotypes was always equal to N i . Tonga populations were very different from the others, whereas in Society Islands, Mo1 was differentiated from the other four populations, including those from the same island. A Mantel test including all populations detected a significant correlation between geographical and genetic distance estimated through F ST (P = 0.012, r 2 = 0.83). The same test including only the populations from the Society Archipelago detected no significant correlation (P = 0.65).
Discussion
The object of this study was to study gene flow in Pocillopora meandrina in the Society Islands. Two distant populations from Tonga were included to show that gene flow is restricted at a larger scale. Likewise, some analyses were carried out at a small scale in order to exclude asexual propagation (through fragmentation) and limitations to the dispersal of planulae as alternative explanations for observations. It was not, however, within the scope of this study to give an exhaustive account of either gene flow across the Pacific Ocean, or panmixis at a microgeographical scale. The two main results of this study are (i) that all populations exhibit some deficit in heterozygotes and (ii) that the pattern of genetic differentiation does not match the geographical pattern of population sampling in the Society Islands.
Heterozygote deficiency
All populations exhibited some deficit of heterozygotes (significant F IS ranged from 0.09 to 0.50). This has been previously observed in other coral species and in other locations (Ayre & Dufty 1994; Ayre et al. 1997; Ayre & Hughes 2000; Ridgway et al. 2001; Whitaker 2004) . A deficit in heterozygotes is frequently observed in marine invertebrates, including molluscs (e.g. Gaffney et al. 1990; David et al. 1995; Bierne et al. 1998) . A deficit in heterozygotes can be mimicked by null alleles (Pemberton et al. 1995) . This was checked by assuming that some of the observed homozygotes were actually heterozygous for the null allele, and that individuals failing to amplify were homozygous for the null allele. This explanation was not supported, as there was no significant increase in the frequency of individuals failing to amplify for the loci showing the highest proportions of heterozygote deficiency (results not shown).
Three population mechanisms can result in a deficiency of heterozygotes. First, the level of inbreeding can be increased by self-fertilization or by the restricted dispersal of gametes. In marine sessile invertebrates that are spawning broadcasters, like P. meandrina, self-fertilization can guarantee fertilization success when the density of conspecifics is low or when environmental conditions contradict cross-fertilization (Brazeau et al. 1998) . Moreover, gametes from the same colony are the closest in proximity when they reach the sea surface at spawning (Carlon 1999) . This will favour self-fertilization unless there are active barriers preventing selfing such as gamete incompatibility (Palumbi 1994) . A second explanation is that we lumped together P. meandrina and Pocillopora verrucosa, which are morphologically similar species. Difficulty in coral identification is a frequently encountered problem (Le Goff-Vitry et al. 2004b) . For example, Pocillopora damicornis is known to exhibit a variety of confusing morphs depending on its habitat. Alternatively, a deficit of heterozygotes can result from the admixture of cohorts with different allele frequencies, resulting from temporally distinct recruitment events of larval cohorts (Lenfant & Planes 2002) . The deficit in heterozygotes can also result from a combination of several mechanisms (Gaffney et al. 1990 for a review of hypotheses).
The second explanation does not agree well with the facts. A mixing of species would probably produce local populations with different levels of admixture. However, four of the populations were genetically very similar and their deficit in heterozygotes was not lower than in the other populations. The two remaining explanations (inbreeding, and the admixture of successive larval cohorts) are more compatible with the generality of heterozygote deficits in our sampling.
Absence of population structuring in the Society Islands
Four populations, Mo2, Mo3, Ta and Bo, are very similar in two ways. First, they consistently show a lower genetic diversity than other populations. Second, they are not genetically different among themselves, but are significantly different from the other three populations, including Mo1 from Moorea (mean F ST = 0.024). Paradoxical situations, where differentiation is higher at a local scale than a large scale, have previously been recorded in marine organisms. This was observed for corals at the Great Barrier Reef, where sites 2 km apart on the same reef were more differentiated than reefs several to hundreds of kilometres apart (Ayre & Dufty 1994; Hellberg 1996; Ayre et al. 1997; Ayre & Hughes 2000; Bastidas et al. 2001; Miller & Ayre 2004) . Such patterns may be the result of marine currents.
The Society Islands are all subject to the same current that could promote larval dispersal between neighbouring populations along successive islands (Rougerie & Wauthy 1986) . This may explain the absence of population differentiation between islands. If so, why is Mo1 different from the other two populations from Moorea? Maybe because Mo1 is located on the west coast of Moorea and is more exposed to waves than Mo2 and Mo3 (both located on the north coast). If gene flow is mainly the result of physical factors, other species with a pelagic stage should show the same pattern. The damselfish, Dascyllus trimaculatus, shows significant structure between two sites from Moorea (corresponding to sites Mo1 and Mo2 in this study), whereas no structuring is observed across the Society Islands (Bernardi et al. 2001) . Planes (1993) showed no differentiation among populations of the damselfish Dascyllus aruanus in this archipelago, whereas significant differentiation occurred for the surgeon fish Acanthurus triostegus (Planes 1993; Planes et al. 1996; Planes & Fauvelot 2002) , with no differentiation between populations from Moorea. Thus there is little support for a consistent effect of physical factors. The second hypothesis is historical, and involves the destruction of the four currently similar Society Island populations followed by their restoration via the settlement of new larvae. These events would explain both their lower genetic diversity, and their genetic similarity. Reef destruction could be a result of many factors, such as an outbreak of the predator, Acanthaster planci (Faure 1989) , or more probably to a bleaching event. Pocillopora corals experienced a quasi total mortality in the lagoon of the Rangiroa Atoll (French Polynesia, Tuamotu Archipelago) in 1998 (Mumby et al. 2001) . Likewise, Pocillopora species underwent varying levels of mortality (from 60% to 90%) in different stations of the northern outer slope of the reef in Moorea in 1994 (Hoegh-Guldberg & Salvat 1995 . An extended bleaching event in part of the Society Islands followed by recolonization would be similar to a population bottleneck, and could explain why the average heterozygosity for the genetic markers used in this study is high in the Tonga and in Mo1 (observed values: 0.804 < H < 0.828), and low in Bora Bora, Tahiti, and the two the remaining sampling sites in Moorea (observed values: 0.675 < H < 0.722). The cause of this unexpected pattern merits further investigation. However, within the framework of this study, the very low genetic differentiation among islands of this archipelago provides evidence that extensive gene flow exists at this spatial scale.
In conclusion, our study confirms that the coral P. meandrina reproduces sexually in the south-central Pacific, and leads us to conclude that (i) genetic heterogeneity can exist at a local scale, and may result in significant differentiation between populations of the same reef (ii) the flow of migrants at the scale of the Society Islands is substantial and can genetically homogenize populations of different islands, and (iii) there is some limitation to long-distance migration, resulting in genetic heterogeneity at a broad geographical scale. In the context of our understanding of the key position of corals in the reef ecosystem, the ability to disperse and its spatial limitations are essential biological factors that will determine the resilience of Polynesian reefs after a bleaching event.
